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Molecular Cloning and Characterization of a cDNA
Encoding Cytochrome c Oxidase Subunit Va From the
Lesser Grain Borer, Rhyzopertha dominica (F.)
(Coleoptera: Bostrichidae)

Jorge Ayala,1 Alan K. Dowdy,2 Richard W. Beeman,3 and Kun Yan Zhu1*

A cDNA encoding subunit Va of cytochrome c oxidase (EC 1.9.3.1) was cloned and characterized from a lesser grain borer
(Rhyzopertha dominica) cDNA library. The complete cDNA consists of 693-bp and contains an open reading frame of 450-bp
that encodes 150 amino acid residues. The sequence includes a 28-bp putative N-terminal and a 122-bp putative mature
protein. The estimated molecular weight and pI for the predicted mature protein are 13,962 and 4.60, respectively. The
cDNA-deduced amino acid sequence of the mature protein shows 73% identity to that of a corresponding subunit of African
malaria mosquito (Anopheles gambiae) and 59% identity to that of the fruit fly (Drosophila melanogaster). In addition, 31%
of all amino acid residues are conserved among six different animal species. Evolutionary distance analysis suggests that
cytochrome c oxidase subunit Va from R. dominica is most similar to the corresponding subunit from the malaria mosquito.
Northern analysis revealed a single 4.9-kb transcript that is much larger than that found in mammalian species. Arch. Insect
Biochem. Physiol. 54:47–54, 2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Cytochrome c oxidase (EC 1.9.3.1) is the ter-
minal component of the mitochondrial respiratory
chain and plays a vital role in oxidative phospho-
rylation in both prokaryotes and eukaryotes (Taan-
man and Williams, 2001). The enzyme catalyzes
one-electron oxidation of four reduced cytochrome
c molecules and four-electrons reduction of one
O2 molecule (Myers and Palmer, 1988). In addi-

tion, the enzyme activity contributes to maintain-
ing a transmembrane proton gradient by reducing
O2 to water and by coupling the translocation of
protons across the mitochondrial membrane (Hatefi,
1985).

Crystallization of cytochrome c oxidase has led
to the determination of the complete molecular
structure in Bos taurus (Tsukihara et al., 1996) and
Paracoccus denitrificans (Iwata et al., 1995). Mam-
malian cytochrome c oxidase consists of 13 differ-
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ent polypeptide subunits (Tsukihara et al., 1996).
The three largest subunits (I, II, and III) are en-
coded by mitochondrial genes. These catalytic sub-
units are involved in redox-linked proton pumping
(Zhang and Capaldi, 1988). The other 10 smaller
subunits (IV, Va, Vb, VIa, VIb, VIc, VIIa, VIIb, VIIc,
and VIII) are encoded in the nucleus and synthe-
sized in the cytoplasm (Capaldi, 1990). The num-
ber of these nuclear subunits varies in eukaryotes.
The nuclear subunits carry an N-terminal signal
peptide that targets them to the mitochondria
(Colman and Robinson, 1986; Hurt and van Loon,
1986). It has been suggested that the nuclear sub-
units modulate the activity of cytochrome c oxidase
by regulating respiration and proton translocation
according to the metabolic requirements of differ-
ent tissues (Kadenbach, 1986). This may be the
reason for the presence of different isoforms found
in different mammalian tissues (Kadenbach, 1986;
Grossman and Lomax, 1997).

Subunits Va, Vb, and VIb are extramembrane-
subunits (Tsukihara et al., 1996). Subunits Va and
Vb are located in the matrix side (the innermost
space) whereas subunit VIb is located on the cyto-
solic side of the mitochondrion. Subunit Va is the
most conserved subunit among mammals (Kaden-
bach and Reimann, 1992), and it may impede ATP
inhibition of respiration by binding thyroid hor-
mones, such as diiodothyronines, that stimulate
mitochondrial activity (Arnold et al., 1998; Soboll,
1993).

Cytochrome c oxidase is a target enzyme of
phosphine, an insecticidal fumigant that has been
widely used to control stored grain insects (Naka-
kita et al., 1971; Chefurka et al., 1976). Phosphine
poisoning in animals is manifested by respiratory
inhibition (Nakakita, 1987; Chaudhry, 1997). In
some regions of the world, the lesser grain borer
(Rhyzopertha dominica) has developed resistance to
phosphine. Because subunit Va is the most con-
served subunit of cytochrome c oxidase among dif-
ferent animal species and may play an important
role in modulating the activity of cytochrome c oxi-
dase, we decided to clone and characterize its full-
length cDNA from lesser grain borer, a major
cosmopolitan stored product pest. In this study,

we report: (1) the cDNA sequence of cytochrome
c oxidase subunit Va and its conceptual transla-
tion; (2) the primary structure and characteristics
of this subunit; and (3) similarities of the subunit
to orthologs found in other animal species. This
study was intended to help us understand the mo-
lecular structure and the function of cytochrome c
oxidase in insects.

MATERIALS AND METHODS

Insect Culture

A phosphine-susceptible colony of R. dominica
was obtained from the Grain Marketing and Pro-
duction Research Center, U.S. Department of Agri-
culture/Agricultural Research Service (USDA/ARS)
in Manhattan, Kansas. The insects were reared on
whole wheat at 30 ± 2°C and 65 ± 5% RH.

Total RNA and poly(A) RNA isolations

Total RNA was isolated from R. dominica adults
by using Trizol reagent (Life Technologies, Gaithers-
burg, MD). Poly(A) RNA was purified from total
RNA using the MessageMaker Reagent Assembly
according to the manufacturer’s instructions (Life
Technologies).

Generation of DNA probes

A homologous DNA probe for cytochrome c
oxidase subunit Va was generated by hemi-nested
PCR using lesser grain borer cDNA template and
degenerate primers, based on the strategy described
by Zhu and Clark (1995). The first round of PCR
was carried out with the forward primer 5¢GAR
WSN GMN GAR GAR TTY GA and the reverse
primer 5¢TTR TCN WRN CCN ARY TCY TC. The
second round of PCR was carried with the nested
forward primer 5¢GTN CCN GAN CCN AAR ATH
AT and the same reverse primer as that of the first
round of PCR. The PCR program for both rounds
consisted of a denaturation cycle at 95°C for 1 min;
35 cycles at 95°C for 1 min, 50°C for 1 min, and
72°C for 3 min for denaturation, annealing, and



Cytochrome c Oxidase Subunit Va From R. dominica 49

October 2003

extension, respectively; and a final extension cycle
at 70°C for 10 min.

The PCR-amplified DNA fragment was sub-
cloned into a pCR-Blunt vector using the Zero
Blunt PCR cloning kit (Invitrogen, Carlsbad, CA).
Five clones were isolated, and plasmid DNA was
extracted using a QIAprep Miniprep kit (Qiagen,
Valencia, CA). Vector inserts were verified by PCR
and agarose gel electrophoresis. Nucleotide se-
quence was determined using an ABI PRISM 3700
DNA analyzer (Foster City, CA) at the Sequencing
and Genotyping Facility, Kansas State University,
Manhattan, KS.

The DNA fragment corresponding to cyto-
chrome c oxidase subunit Va was isolated from the
plasmid vector by restriction digestion, agarose gel
electrophoresis, and DNA extraction using the Wiz-
ard PCR Preps DNA purification system (Promega,
Madison, WI). The fragment was then labeled with
a-[32P]dATP (PerkinElmer, Life Sciences, Boston,
MA) using a nick translation labeling system
(Promega). The radioactive probe was used for
both cDNA library screening and Northern blot
analysis.

Construction of cDNA Library

An R. dominica cDNA library was constructed
using the ZAP-cDNA synthesis kit and the ZAP-
cDNA Gigapack III gold cloning kit according to
the manufacturer’s instructions (Stratagene, La
Jolla, CA). Double-stranded cDNA was synthesized
from 5 mg of poly(A) RNA, blunt-ended with 5 U
of Pfu DNA polymerase, and then ligated to the
EcoR I adapters. The ends of the adapters were then
phosphorylated and digested with Xho I. The cDNA
was then resolved on a cDNA size fractionation
column (Life Technologies), and 100 ng of the
product was ligated into the Lambda Uni-ZAP XR
vector. The ligated DNA was packaged with the
Gigapack III Gold packaging extract.

cDNA Library Screening

Recombinant clones were grown on agar plates
of the bacterial strain XL1-Blue MRF¢ (Stratagene)

to a density of ~115 plaque-forming colonies per
cm2, and then transferred onto nitrocellulose
membrane (Osmonics, Minnetonka, MN). Mem-
branes were then hybridized overnight at 65°C
with the radioactive probe, washed according to
the method of Sambrook and Russell (2001), and
exposed to X-ray film for 48 h. Positive clones
from this first screen were isolated and plated to
a density of less than 1.5 plaque-forming colo-
nies per cm2, which allowed isolation of single,
positive clones. After the third screening, five posi-
tive clones were isolated. The cDNA insert was
excised from the Lambda Uni-ZAP XR vector us-
ing an ExAssist helper phage (Strategene). It was
then recircularized to generate subclones in the
pBlue-Script SK(+) phagemid vector. The phage-
mid DNA was then extracted using a QIAprep
MiniPrep system (QIAGEN, Valencia, CA) and the
cDNA sequence determined at the Sequencing
and Genotyping Facility at Kansas State Univer-
sity, Manhattan, KS.

Northern Blot Analysis

Northern blot analysis was carried out using the
NorthernMax kit (Ambion, Austin, TX) according
to the manufacturer’s instructions. Total RNA (30
mg/lane) and poly(A) RNA (3.0 mg/lane) were
separated on a 1% agarose gel and transferred to a
BrightStar-Plus (Ambion) nylon membrane. The
membrane was then hybridized overnight at 42°C
with the radioactive probe. After the blot was
washed, it was exposed to Kodak X-Omat AR film
for 6 h at –80°C with an intensifying screen.

Sequence Analysis

Similarities of the amino acid sequence deduced
from the cytochrome c oxidase subunit Va cDNA
were searched by using the internet server at the
National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov). SeqWeb version 2
GCG of the Sequence Analysis Package version 10
(Genetic Computer Group, Madison, WI) was used
to compare similar sequences. The sequence was
deposited in the GenBank database.
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RESULTS AND DISCUSSION

Cytochrome c Oxidase Subunit Va cDNA Sequence

Using hemi-nested PCR and degenerate prim-
ers, 306-bp and 201-bp DNA fragments were gen-
erated from the first and second rounds of PCR,
respectively (Fig. 1). The deduced amino acid se-
quence of the 201-bp fragment showed 61% iden-
tity with the corresponding region of the cyto-
chrome c oxidase subunit Va from the fruit fly
(Drosophila melanogaster). This fragment was used
as a homologous probe to screen 3.8 ´ 1012 pfu/ml
recombinant clones from an amplified R. dominica
cDNA library. Five positive clones were isolated.
Sequencing of these clones at the 5¢ end resulted in
identical nucleotide sequences. It is likely that these
clones are the result of the cDNA library amplifica-
tion. Complete Sequence of two of these clones con-
firmed their exact nucleotide sequence match.

The complete sequence of these clones consists
of 693-bp including an open reading frame of 450-
bp (Fig. 2). The start codon is flanked by the pu-
rine adenine at position –3 and a cytosine at
position +4, which facilitates translation (Kozak,
1987). The termination codon TAA is located be-
tween bp 527–529 and is followed by a non-trans-
lated region of 109-bp including a 49-bp poly(A)
tail. The untranslated region also contains the
ATTTA sequence, which may be involved in the
cytoplasmatic stability of the poly(A) RNA (Shaw

and Kamen, 1986). The polyadenylation signal
TATAAA was predicted by GENESCANW (Burger
and Karlin, 1997) and is located 25-bp upstream
from the poly(A) tail.

Northern blot analysis of the cytochrome c oxi-
dase subunit Va transcript in R. dominica adults
showed a single RNA species of about 4.9 kb in
length (Fig. 3). Our results suggest the existence
of a long 5¢-untranslated region in the poly(A)
RNA. In humans and mice, the transcript sizes of
the subunit Va are 750-bp (Rizzuto et al., 1988)
and 1.1 kb (Nielsen, et al., 1989), respectively. Ap-
parently, these transcripts are much smaller than
that in R. dominica. The transcript size of the cyto-
chrome c oxisae subunit Va in D. melanogaster also
appears to be much smaller than that in R. dominica
since the genomic sequence for the same gene in
the former species is only 950 bp (Adams et al.,
2000). Because the annotation for the cytochrome
c oxidase subunit Va in African malaria mosquito
(Anopheles gambiae) is not completed (Holt et al.,
2002), it is not possible to predict whether or not
the transcript size of the cytochrome c oxidase sub-
unit Va in R. dominica is larger than that in A.
gambiae. Our study indicated, however, that the
poly(A) RNA accounts for only approximately
0.01% of total RNA in lesser grain borer adults,
since similar band intensities for the cytochrome
c oxidase subunit Va transcript were observed in
Northern blot analysis with either 3.0 mg of poly(A)
RNA or 30 mg of total RNA (Fig. 3).

Fig. 1. Hemi-nested PCR using de-
generate primers. A: First round of
PCR. B: Second round of PCR. Ten
microliters of the PCR reaction (S)
from each round was run on 2% aga-
rose gel. A 100-bp ladder (L) was
used as a size marker.
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Putative Cytochrome c Oxidase Subunit Va Protein

The open reading frame of the cloned cDNA
encodes a protein of 150 amino acid residues (Fig.
2), which corresponds to the precursor protein for
cytochrome c oxidase subunit Va. Analysis of the
protein sequence by MitoProt II (Claros and
Vincens, 1996) predicted a 28-residue leader
sequence at the 5¢ end and a mature protein of
122 amino acid residues (Fig. 2). The leader se-
quence in most nuclear subunits of the cytochrome
c oxidase is necessary for the translocation of the
protein into the inner membrane of the mito-
chondrion (Glaser et al., 1990). Upon transloca-
tion, the signal sequence is removed and the

protein is folded into its functional form (Pfanner
et al., 1994).

The cDNA-deduced precursor subunit Va of cy-
tochrome c oxidase from R. dominica was aligned
with those from other animal species deposited
in GenBank using CLUSTALW (Thompson, et al.,
1994) (Fig. 4). The alignment shows that 43% of
amino acid residues are conserved among insects,
including A. gambiae and D. melanogaster. Al-
though 44% of amino acid residues are conserved
between R. dominica and mammals, including rat
(Rattus norvegicus), mouse (Mus musculus), and
human (Homo sapiens), only 31% of all amino
acid residues are conserved among the six animal
species (Fig 4). Most of the conserved amino acids

Fig. 2. Nucleotide and deduced amino acid sequences
of the cytochrome c oxidase subunit Va cDNA isolated
from R. dominica. The underlined sequences are TAG for
stop codon upstream from the starting codon, ATG for
start codon, TAA for stop codon at the end of the coding

sequence, ATTTA for conserved sequence, and TATAAA for
polyadenylation signal. Arrowhead: Predicted leading pep-
tide cleavage site. The sequence between arrows represents
the 201-bp probe. This sequence was deposited in the
GenBank (accession number: AF420467).
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are found in the second half of the sequence, to-
ward the 3¢ end, which encompasses the putative
mature protein. Since the function of the nuclear
subunits is unclear, the function of these conserved
amino acids in cytochrome c oxidase subunit Va
remains to be determined.

Mature Peptide Comparison and Evolutionary
Relationship

A search of non-redundant BLASTX on GenBank
database was conducted to find homologous se-
quences to cytochrome c oxidase subunit Va from
R. dominica. The most similar sequences in the data-
base include those from the bovine (B. taurus)
(Tsukihara et al., 1996), fruit fly (D. melanogaster)
(Caggese et al., 1999), human (H. sapiens) (Rizzuto
et al., 1988), mouse (M. musculus) (Nielsen et al.,
1989), mosquito (A. gambiae) (Holt et al., 2002),
nematode (Caenorhabditis elegans) (Anonymous,
1998), rat (R. norvegicus) (Droste et al., 1989), and
yeast (Saccharomyces cerevisiae) (Cumsky et al.,
1987) (Table 1). When the GCG Pileup program
was used to compare the putative mature cyto-
chrome c oxidase subunit Va from a variety of or-
ganisms to that of R. dominica, it showed that the
subunit is most closely related to that from A.
gambiae, with 80% similarity and 73% identity.
Unexpectedly, R. dominica subunit sequence shows
only 70% similarity and 59% identity to that of
D. melanogaster, which are lower percentages than
those for mammals (Table 1). Evolutionary dis-
tance analysis (GCG: Kimura protein distance) also
indicated that cytochrome c oxidase subunit Va
from R. dominica was most closely related to that
of A. gambiae (Table 1).

Fig. 3. Northern blot analysis of poly(A) RNA (3.0 mg,
lane A) and total RNA (30 mg, lane B) from R. dominica.
Poly(A) RNA and total RNA were separated on 1% agar-
ose/formaldehyde gel, transferred to a BrightStart-Plus
nylon membrane, and then hybridized with a-[32P]dATP-
labeled 201-bp cDNA probe.

Fig. 4. Predicted amino acid
sequence of cytochrome c oxi-
dase subunit Va from R. domin-
ica (R.d.), and alignment with
corresponding sequences from
A. gambiae (A.g.), D. melano-
gaster (D.m.), H. sapiens (H.s.),
M. musculus (M.m.), and R.
norvegicus (R.n.). Identical
amino acid residues among
the six species are marked by
an asterisk (*).
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